A systematic study combining batch experiments with spectroscopic analyses was carried out to better understand the effects of various organic acids on pyrite dissolution and subsequent Cr(VI) removal in aqueous systems. Our results suggest that organic acids had no effect on total Fe dissolution from pyrite relative to systems containing no acid. However, while nearly 100% of total Fe dissolved from pyrite was in Fe(II) form in the absence of ligands, the addition of organic acids led to significant oxidation of Fe(II) species to Fe(III). The degree and extent of Fe(II) oxidation increased in the order: tartrate < salicylate < oxalate ≈ citrate < EDTA. Except for salicylate (an aromatic compound), this stimulatory effect observed in Fe(II) oxidation was well correlated with the strength of Fe-ligand complexes. In systems containing Cr(VI), the amount of Fe dissolved increased significantly relative to non-Cr(VI) containing system, and the ligands enhanced the dissolution of surface oxidation products from pyrite. Overall, it is clear that the dissolution of pyrite with organic acids had very little effect on solution phase Cr(VI) removal, but significantly stimulated surface phase Cr(VI) reduction by removing surface oxidation products, and thus creating new surface sites for extended Cr(VI) removal.
INTRODUCTION
Pyrite (FeS 2 ) can be effectively used as a reactive material for the reductive treatment of subsurface systems and wastewater contaminated with hexavalent chromium Cr(VI) (e.g. Kantar et al. a, b) . Cr(VI) reduction by pyrite can take place directly at the pyrite surface between Cr(VI) and pyritic surface sites as well as in aqueous phase by ferrous iron (Fe 2þ ) directly dissolved from pyrite (e.g. Zouboulis Kantar & Bulbul ) . A study by Graham & Bouwer () , for instance, shows that Fe(II) dissolved from pyrite may homogenously reduce Cr(VI) to Cr(III) in solution phase. There are two main mechanisms reported for pyrite dissolution: non-oxidative and oxidative-pyrite dissolution (Rimstidt & Vaughan ; Descostes et al. ; Demoisson et al. ; Graham & Bouwer ) . Under aerobic conditions, pyrite dissolution may be described as follows:
Demoisson et al. () and Lin & Huang () show that pyrite dissolution proceeds at a fast rate under acidic conditions. Once released into solution, Fe(II) is rapidly oxidized to ferric (Fe(III)) iron by Cr(VI) and dissolved oxygen (Lin & Huang ) . Ferric iron is also an oxidant of pyrite surface since it can interact with the pyritic disulfide group (Luther ; Moses & Herman ; Peiffer & Stubert ) :
et al. a, b). However, under slightly acidic to alkaline pH conditions, reaction products such as Cr(III) and Fe(III) can precipitate as metal hydroxides (e.g. Cr(OH) 3(S) ) and/or mixed (Fe, Cr) (oxy)hydroxides. The formation of such surface precipitates may have an adverse effect on long-term performance of pyrite-containing treatment units or permeable reactive barriers by blocking the electron transfer between pyritic surface sites and Cr(VI) ion in solution (Doyle et A number of studies also show that chelating agents may improve pyrite-based Cr(VI) reduction by preventing the precipitation of reaction products (e.g. Fe(III) hydroxides) through the formation of highly soluble Fe(III)-ligand complexes since chelating agents contain multiple different functional groups (e.g. carboxylic, phenolic) available for complexing with metals (Graham & Bouwer ; Kantar et al. b; Kantar & Bulbul ) . Kantar et al. (b) , for instance, reported that organic chelating agents significantly enhanced Cr(VI) removal by pyrite depending on chemical conditions (e.g. pH and ligand concentration). A study by Peiffer & Stubert () shows that pyrite oxidation depends highly on the type of ligand used.
Despite the overwhelming evidence on the enhancement of pyrite-based Cr(VI) removal with organic chelating agents (e.g. Kantar et al. b; Kantar & Bulbul ) , it is not clear whether pyrite dissolution with organic agents has any effect on solution and/or surface phase Cr (VI) removal by pyrite since pyritic Fe sites/species are known to play a significant role on Cr(VI) reduction (Lin & Huang ) . Here, a series of batch kinetic experiments were conducted to determine and compare the effects of various organic acids (citrate, EDTA, oxalate, salicylate, tartrate) on pyrite dissolution and subsequent Cr(VI) removal. Except for salicylate (an aromatic compound), all organic acids used in the study are low molecular weight aliphatic organic compounds, and contain multiple reactive functional groups (e.g. carboxylic groups) for binding with metal ions (Smith & Martell ) . A list of complexation reactions for Fe and organic ligands is given in Supplementary Table S1 (available with the online version of this paper). Spectroscopic analysis was performed to assess the reaction mechanisms involved in pyrite dissolution and subsequent Cr(VI) reduction.
MATERIAL AND METHODS

Materials
Hand-picked natural pyrite samples were used in the experiments. Sample preparation and pyrite properties are explained in detail by Kantar et al. (a) . For <45 μm pyrite particles, the specific site concentration was about 3.52 μmol/g estimated based on a surface area of 0.91 m 2 /g and an average site density of 2.33 sites/nm 2 (Kantar et al. a 
Batch experiments
A series of batch kinetic experiments were conducted in 250 mL Erlenmeyer flasks with a total solution volume of 200 mL. All batch experiments were performed under aerobic conditions in the dark by wrapping the samples with aluminum foil to eliminate UV-light induced pyrite dissolution (Peiffer & Stubert ) . Each sample contained 2 g of pyrite (<45 μm in size), an initial Cr(VI) concentration of 52 mg/L and variable ligand concentrations ranging from 0 to 10 À2 M. Our previous work shows that ligands with concentration <10 À3 M were not effective in Cr(VI) removal by pyrite, but the ligands with 10 À2 M concentration significantly stimulated the process efficiency (Kantar et al. b) . The experiments were performed at variable pH values (pH 3, 5 and 8). The pyrite suspensions were continuously stirred on an orbital shaker at 175 rpm. 5 mL samples were taken at desired time intervals (every 2 to 8 h), and immediately centrifuged at 5600 rpm for 10 min. The supernatant was analyzed for Cr(VI), Fe(II), total Fe and Cr contents. Solution pH and oxidation-reduction potentials (ORP) of samples were closely checked with Orion Ross 5-Star Benchtop Multiparameter Meter (Thermo) and, if necessary, aliquots of 0.1 M NaOH and HCl were added to keep the solution pH constant throughout the experiments. 0.514 mM NaHCO 3 was used as a pH buffer to minimize pH drift for experiments conducted at pH ¼ 8.
The dissolved Cr(VI) concentrations were measured with colorimetric diphenylcarbazide method at 540 nm (APHA ). Fe(II) concentrations were analyzed at 508 nm with the spectrophotometric Fenanthrolin method calibrated using ammonium iron (II) hexahydrate ((NH 4 ) 2 Fe(SO 4 ) 2 .6H 2 O) (APHA ). Concentrations of total Fe and Cr were measured by atomic absorption spectroscopy (AAS) (Thermo ICE 3000 Series). The AAS detection limit for Cr and Fe analysis was ∼0.1 mg/L.
Zeta potential measurements
The surface zeta potentials of pyrite samples were measured with a Brookhaven ZetaPals zeta meter. The sample preparation for zeta potential measurements was accomplished by suspending 2 g of pyrite samples in 200 mL 0.01 M NaCl electrolyte solution containing desired concentrations of Cr(VI) and a ligand. The pH values of the suspensions were adjusted to a desired value with 0.1 M NaOH or 0.1 M HCl. The suspensions were equilibrated for 48 h on an orbital shaker at 175 rpm. Following equilibration, the final pH values of the suspensions were measured, and ∼1 mL samples were withdrawn, and directly used in zeta potential measurements.
X-ray photoelectron spectroscopy
The surface species of pyrite samples reacted with Cr(VI) in the absence or presence of an organic acid were examined with a PHI 5000 Versa Probe Model X-ray photoelectron spectrometer (XPS) instrument (Φ ULVAC-PHI, Inc., Kanagawa, Japan) using a microfocused (100 μm, 17.6 W) monochromatized AlKa radiation (1486.6 eV) as an X-ray anode. The pressure in the analytical chamber was kept at around 10 À7 Pa. The energy scale was calibrated by setting the C-H peak maximum in the C 1s spectrum to 284.6 eV, and the atomic composition was estimated using a Multipak software. High resolution spectra were fitted using Shirley baseline and a Gaussian-Lorentzian sum function. Narrow-scanned spectra were evaluated to obtain information on the chemical state of chromium, sulfur, oxygen and iron species.
Scanning electron microscopy
Elemental composition and structural properties of pyrite samples exposed to 104 mg/L Cr(VI) in the absence or presence of an organic acid were analyzed with scanning electron microscopy (SEM)-equipped (FEI QUANTA 400F) with energy dispersive spectroscopy (EDS).
Statistical data analysis
The statistical analysis (paired t-test) of Fe dissolution and Cr(VI) reduction by pyrite was performed using Microsoft Excel. Figure 1 shows the effects of organic acids on total Fe dissolution from pyrite at pH 3. As seen in Figure 1 , the Fe dissolution from pyrite followed a linear trend in the absence or presence of an organic acid, indicating that the dissolution process was mainly controlled by the processes at the surface (Stumm ). The pyrite dissolution under acidic conditions has been explained through multiple different surface controlled reactions including nonoxidative and oxidative pyrite dissolution. While nonoxidative pyrite dissolution is shown to be the dominant process responsible for pyrite dissolution in the absence of oxygen under acidic conditions (Demoisson et al. ) , in systems containing dissolved oxygen, pyrite dissolution may be limited to oxidative pyrite dissolution (reaction (1)) (Graham & Bouwer ) . The statistical analysis showed that the organic acids used had no effect on total Fe dissolution from pyrite relative to non-ligand containing systems at 95% confidence interval ( Figure 1 ). This may be indicative of weak binding of ligands with pyrite surface due to electrostatic repulsion between negatively charged pyrite surface and negatively charged ligands. Note that the pyrite surface has a pH pzc of ∼2 ( Lin & Huang ), and the organic acids used in the study contain carboxylic groups which fully deprotonate at pHs > 4 ( Supplementary Table S1 ).
RESULTS
Effect of organic ligands on pyrite dissolution
The effects of organic acids on the oxidation state of Fe species are shown in Figure 2 . In the absence of organic acids, nearly 100% of total Fe released from pyrite was in Fe(II) form, with no Fe(III) species detected in solution. The absence of Fe(III) species indicates that ferrous iron oxidation by dissolved oxygen was a slow process under the experimental conditions studied (e.g. pH 3) (McKibben & Barnes ; Demoisson et al. ; Graham & Bouwer ). However, the addition of organic acids led to a significant decrease in Fe(II) concentration in solution with most of Fe oxidized to Fe(III), indicating that Fe(II) complexed with organic ligands was oxidized more strongly than free Fe(II) species (e.g. Fe 2þ ). The presence of organic ligands stimulated Fe(II) oxidation depending on the type of ligand used. In the presence of EDTA, for instance, nearly 100% of Fe dissolved occurred as oxidized Fe species (i.e. Fe 3þ ). Similarly, in systems containing oxalate and citrate, about 87% of Fe dissolved was oxidized to Fe(III) under aerobic conditions. Of all these ligands, tartrate was the least effective in stimulating the Fe(II) oxidation by dissolved oxygen. The increase in Fe(II) oxidation by dissolved oxygen can be explained through the ability of organic ligands to complex with both Fe(II) and Fe(III) (Peiffer & Stubert ; Pham & Waite ) . Supplementary Table S1 shows equilibrium constants (log K ) for Fe(II)-ligand and Fe(III)-ligand complexes. Except for the system with salicylate, an aromatic compound, the degree of Fe(II) oxidation was correlated well with the strength of the ligand/chelate complexes of Fe (log K ). Note that the strength of Fe-ligand complexes decreases in the order: EDTA > citrate > oxalate > tartrate ( Supplementary Table S1 ).
Effect of Cr(VI) and ligand concentration on Fe dissolution from pyrite
The addition of complexing agents such as EDTA may be impractical in an industrial process or subsurface systems, but the ligands such as citrate are easily produced, and are ubiquitous in subsurface environment (Sposito ) . The effects of citrate concentration on total Fe dissolution and Cr(VI) removal by pyrite at pH 3 are presented in Figure 3 (a). Note that, unlike systems with no Cr(VI) (Figure 1) , increasing ligand concentration enhanced the total Fe dissolution from pyrite (Figure 3(a) ). Nearly 100% of Fe species dissolved from pyrite was in the form of Fe(III) species with very little Fe(II), suggesting that the Fe(II) sites or species dissolved from pyrite were immediately oxidized to Fe(III) species by Cr(VI) (Graham & Bouwer ) . In the absence of ligands, the dissolved Fe(III) concentration in solution was very low, and increased to a maximum value of 4 mg/L within 10 min of reaction time, but gradually decreased to 0 over time due to the formation of solid Fe(III) hydroxides/mixed (Cr, Fe) (oxy) hydroxides (Lin & Huang ) . In systems with citrate, the increase in total Fe dissolution was paralleled with an increase in Cr(VI) removal (Figure 3(b) ), indicating that the Fe(II) sites and/ or species played a significant role on Cr(VI) reduction by pyrite. It seems likely, therefore, that the ability of pyrite to reduce Cr(VI) is closely related to the extent to which the reaction products such as Fe(III) can be removed from the pyrite surface by complexation with the ligands. The removal of reaction products such as Fe(III) from pyrite surface minimizes the inhibitory effects of surface passivation on further Cr(VI) reduction.
The effects of increasing Cr(VI) concentration on Fe dissolution from pyrite in the presence of 10 À2 M citrate are shown in Figure 4 . The addition of 52 mg/L of Cr(VI) enhanced Fe dissolution from pyrite relative to non-Cr(VI) containing system, implies that Cr(VI) oxidized the pyritic Fe(II) surface groups, and the oxidized Fe(III) was immediately dissolved into solution due to the formation of highly soluble Fe(III)-citrate complexes. While the Fe dissolution exhibited nearly a linear trend in the absence of Cr(VI), the Fe dissolution followed a short period of rapid initial leaching (t < 100 min), followed by a much slower dissolution at t > 100 min in systems containing 52 mg/L Cr(VI). The rate of the initial dissolution was probably controlled by the rate of Cr(VI) reduction with pyrite ( Figure 3(b) ). As shown in Figure 3(b) , it takes about 100 min to completely reduce Cr(VI) to Cr(III) in a system containing 10 À2 M citrate. The slower process may be attributed to Fe dissolution by dissolved oxygen since there was no Cr(VI) left in solution at t > 100 min. This type of dissolution behavior is in good agreement with the results of Graham & Bouwer () who reported that Cr(VI) oxidatively dissolved pyrite surface by attacking disulfide group of pyrite, thereby releasing Fe(II) along with oxidized sulfur species (e.g. SO 2À 4 ) under anaerobic conditions. Interestingly, increasing Cr(VI) concentration from 52 to 104 mg/L led to a decrease in Fe dissolution rate especially at t > 150 min. As seen in Figure 4 , the amount of Fe released remained at a constant level of 15 mg/L at t > 150 min in systems containing 104 mg/L Cr(VI). The decrease in Fe dissolution with increasing Cr(VI) concentration may be explained through precipitation of Cr (III) as Cr(OH) 3(S) which may block access of ligands and Cr(VI) to the pyritic surface sites, thereby inhibiting surface phase pyrite oxidation by Cr(VI). Mass balance analysis on total Cr is shown in Supplementary Figure S1 (available with the online version of this paper). Note that although the addition of citrate enhanced the solubility of Cr species depending on ligand concentration, the total Cr content of samples decreased with increasing reaction times, indicating the precipitation of reduced Cr as Cr(OH) 3(S) especially at low citrate concentrations (Cit T <10 À3 M). As given in Supplementary  Table S1 , the strength of Cr(III)-ligand complexes is much weaker than that of Fe(III)-ligand complexes.
Effects of solution pH and organic ligands on Fe dissolution from pyrite
The effects of citrate on Fe(III) dissolution from pyrite and Cr(VI) removal as a function of solution pH are presented in Figure 5 . Note that Fe dissolution was highly pH dependent, and increasing solution pH led to a significant decrease in Fe(III) dissolution (Figure 5(a) ) due to low solubility of Fe(III) species under slightly acidic to alkaline pH conditions. As shown in Figure 5(b) , Cr(VI) removal by pyrite also followed a similar trend, with percent Cr(VI) removal decreasing with increasing solution pH. This pH dependence of Fe dissolution and Cr removal may be associated with the rate/extent of Cr(VI) adsorption and/or accumulation/dissolution of surface oxidation products (Figure 5(a) and Supplementary Figure S1 ). The oxidative dissolution of pyrite surface by Cr(VI) becomes favorable under acidic conditions since the positive charge on pyrite surface increases towards more acidic conditions, thereby making it electrostatically favorable for negatively charged HCrO 4 À to interact more strongly with the pyrite surface.
However, citrate had no or very little effect on Fe dissolution from pyrite under highly alkaline pH values since soluble Fe(III)-citrate and Cr(III)-citrate complexes usually form under acidic to slightly alkaline pH conditions, and thus have little effect on Fe(III) and Cr(III) speciation at pH > 8 (Smith & Martell ; Carbonaro et al. ) . In addition, the sorption of citrate onto pyrite surface at pH > 8 may also inhibit oxidative Fe dissolution from pyrite by blocking access of Cr(VI) to the pyritic surface sites due to electrostatic repulsion between chromate and negatively charged pyrite surface. In their work involving Cr(VI) removal with pyrite, Graham & Bouwer () found that although citrate increased the solubility of Cr(III) species, it had no effect on pyrite dissolution and subsequent Cr(VI) removal by pyrite. This is probably due to the fact that they used very low citrate concentration (∼10 À3 M) and also their experiments were carried out at pH 7. As shown in Figure 3(a) , while in the presence of 10 À3 M citrate, the maximum amount of Fe dissolved was about 10 mg/L, the addition of 10 À2 M citrate dissolved up to 30 mg/L of Fe from pyrite surface within 400 min of reaction time at pH 3. The effects of citrate on zeta potential values of pyrite as a function of solution pH are presented in Supplementary  Figure S2 (available with the online version of this paper). While the pyrite surface was negatively charged under a wide pH range (pH 3 to 8) in the absence of Cr(VI), the addition of Cr(VI) to the system shifted the pH pzc value to pH 6, confirming the formation of oxidized surface precipitates on pyrite surface. In the presence of citrate, on the other hand, zeta potential values dropped to À40 mV levels, indicating the binding of citrate with pyrite surface under a wide pH range. The sorption of citrate onto Fe(II) reactive sites under alkaline pH conditions resulted in much higher negative surface charges, thus leading to an increase in repulsive forces between negatively charged pyrite surface and CrO 2À 4 in solution. As shown in Figure 5(b) , while the binding of citrate onto pyrite surface seemed to have a positive impact on surface phase Cr(VI) reduction by pyrite under acidic conditions, it adversely affected Cr(VI) reduction at pH > 7.
DISCUSSION
Cr(VI) reduction by pyrite is a complex process, and may involve multiple different simultaneously occurring reactions. The overall reaction may be written as follows (Lin & Huang ; Kantar et al. a) :
(3) Figure 4 shows that the addition of Cr(VI) led to oxidation of pyrite surface, thereby releasing Fe 3þ into solution as postulated in reaction (3). However, the amount of Fe 3þ released into solution was very low in the absence of citrate due to the precipitation of Fe(III) as Fe(OH) 3(S) under slightly acidic to alkaline pH values (e.g. pH > 4). When a chelating agent such as citrate was added, the amount of Fe(III) released increased depending on [ligand]/[Cr(VI)] ratio (Figure 3) due to the formation of soluble Fe-ligand complexes. It is obvious that the addition of citrate not only surpassed surface passivation, but also created new surface sites (e.g. Fe(II) sites) for further Cr(VI) reduction by removing surface oxidation products (e.g. Fe(OH) 3(S) ). In addition, citrate can also enhance both solution and surface phase Fe (II) oxidation and subsequent Cr(VI) reduction by affecting the electrode potentials of Fe(III)/Fe(II) and Cr(VI)/Cr(III) ion couples depending on the types of complexes formed (Kantar et al. b) . The changes in redox potentials of Fe and Cr species with citrate addition can increase the electromotive force of redox reactions, and thus accelerate the redox processes (Zhou et al. ) . As shown in Figure 2 , Fe(II) complexed with organic ligands can be oxidized much faster than the free Fe 2þ ion due to a significant decrease in electrode potential of Fe(III)/Fe(II) ion couple. Zeta potential (Supplementary Figure S2 ) and batch Cr(VI) removal ( Figure 5(b) ) experiments provide further evidence that, in addition to the removal of surface precipitates, citrate significantly enhanced surface phase Cr(VI) reduction by pyrite under acidic conditions, most probably by changing electrode potentials of Fe(III)/Fe(II) redox couple, which acted as a catalyst by transferring electrons from citrate-bound pyrite surface to Cr(VI). Similarly, Supplementary Figure S3 (available with the online version of this paper) shows the variation in ORP during Cr(VI) reduction by pyrite at pH 3 in the absence and presence of citrate. Note that the ORP values were much lower in systems containing citrate relative to non-citrate containing systems.
The Cr 2p, Fe 2p and S 2p spectra of pyrite surface exposed to 104 mg/L Cr(VI) at pH 3 in the absence of a ligand are presented in Supplementary Figure S4 (available with the online version of this paper). The pyrite surface exhibited a Cr(III) peak at 577.03 eV and a Cr(VI) peak at 578.07 eV, indicating sorption and/or direct reduction of Cr (VI) at the pyrite surface at pH 3. The XPS analysis also indicated presence of peaks for Fe(III)-O (713.1 eV) and Fe(III)-S (710.69 eV) species with no peaks attributed to Fe(II) species, suggesting that the Fe(II) reactive sites on pyrite were completely oxidized to Fe(III) species upon exposure to Cr(VI). Similarly, the S 2p spectra show a disulfide (S 2À 2 ) peak at 162.65 eV, an elemental S o peak (163.22 eV) and a sulfate (SO 2À 4 ) peak (168.71 eV), indicating that a significant portion of S 2À 2 reactive sites was also oxidized to SO 2À 4 via a reaction pathway involving several unstable S intermediates (e.g., S o ) (Demoisson et al. ; Kantar et al. a) . The presence of Fe(III)-O, Fe(III)-S and Cr(III) peaks provides evidence on the accumulation of oxidation products (e.g., Fe(OH) 3(S) ) on pyrite surface which leads to surface passivation. Figure 6 shows the XPS spectra for the effects of citrate on dissolution and removal of surface precipitates from pyrite surface. While no peaks attributable to Cr species were detected on samples exposed to 52 mg/L Cr(VI) at pH 3 in the presence of 10 À2 M citrate (data not shown), the samples reacted with 500 mg/L Cr(VI) at pH 3 in the presence of 10 À2 M citrate (Figure 6(c) ) exhibited a Cr(III) peak at 577.39 eV and a Cr-OOH peak at 576.32 eV, suggesting the sorption and/or surface precipitation of Cr(III) as hydroxides. It is clear that the desorption/dissolution of Cr(III) surface precipitates was highly dependent on [Cr(VI)]/[citrate] ratio. While the Cr (III) surface species was immediately washed out at low [Cr(VI)]/[citrate] ratios (e.g. 52 mg/L Cr(VI)) due to the formation of highly soluble Cr(III)-citrate complexes, citrate concentration (10 À2 M) was not high enough to remove all Cr surface precipitates in the presence of 500 mg/L Cr (VI). These results are in good agreement with the mass balance analysis for Cr species given in Supplementary  Figure S1 . The SEM images of pyrite surface provide further evidence on the role of a ligand for the removal of surface precipitates from the pyrite surface (Figure 7) . While the EDS spectrum showed accumulation of Cr species on pyrite surface in the absence of citrate (Figure 7(a) ), the addition of citrate led to the removal of Cr precipitates from pyrite surface (Figure 7(b) ). The presence of Fe(III)-S groups on pyrite surface suggests that complexation with citrate was not strong enough to break the bond between Fe(III) and S. Mullet et al. () reported that the Fe(III)-S species formed on the pyrite surface due to the breakage of Fe-S bonds when the electrons were transferred from Fe to S. In all samples analyzed, the main S species detected on pyrite surface were disulfide (S 2À 2 ) and elemental sulfur (S o ) (Figure 6 (b) and 6(e)). This indicates that citrate also increased the solubility of oxidized sulfur species (e.g. SO 2À 4 ) from pyrite surface, and thus created new surface S 2À 2 sites.
CONCLUSIONS
Laboratory batch experiments and spectroscopic analysis were conducted to better understand the effects of various organic acids on pyrite dissolution and subsequent Cr(VI) removal. Batch results suggest that, in the absence of ligands and Cr(VI), pyrite dissolution occurred very slowly, and nearly 100% of Fe dissolved from pyrite was in Fe(II) form. However, the addition of ligands to systems with no Figure 7 | SEM photographs of pyrite particles reacted with 104 mg/L Cr(VI) in 0.01 M NaCl solution at pH 3 in the absence of (a) or presence of (b) 10 À2 M citrate.
Cr(VI) did not have much effect on total Fe dissolution from pyrite, but a significant amount of total Fe released was in oxidized from (e.g. Fe(III)), implying that Fe(II)-complexed with organic ligands was oxidized more strongly than the free Fe(II) species depending on the type of ligand used. Organic ligands stimulated Fe(II) oxidation in the order: no ligand < tartrate < salicylate < oxalate ≈ citrate < EDTA. Except for an aromatic compound, salicylate, this stimulatory effect observed in Fe(II) oxidation was correlated with the strength of complexes of Fe.
Unlike a system with no Cr(VI), the addition of organic ligands and Cr(VI) enhanced the amount of Fe released from pyrite surface, indicating oxidative Fe dissolution by Cr(VI). Nearly 100% of Fe dissolved was in Fe(III) form. The enhanced solubility of Fe(III) from pyrite with organic ligands implies that the Cr(VI) reduction took place at pyrite surface by surface bound Fe(II). Our results also show that, at high [Cr(VI)]/[ligand] ratio, the accumulation of Cr surface precipitates had an inhibitory effect on Fe dissolution from pyrite surface. Overall, it is clear that organic acids mainly stimulated surface phase Cr(VI) removal, and the ability of pyrite to reduce Cr(VI) is closely related to the extent to which the reaction products such as Fe(III) can be removed from the pyrite surface by its complexation with the ligands.
SUPPLEMENTARY DATA
Supplementary data (available with the online version of this paper) comprise a list of Fe and Cr aqueous phase species, mass balance analysis on total Cr remaining in solution during Cr(VI) reduction with pyrite, the effects of citrate on zeta potential values of pyrite, XPS spectra for Fe, Cr and S species in the absence of citrate.
